A novel chemiluminescence method for the assay of sudan I was designed using flow injection with chemiluminescence detection. The proposed method was based on the increment effect of sudan I on the chemiluminescence intensity in the luminol-KIO 4 system. The increment of chemiluminescence intensity was correlated with the sudan I concentration in the range from 0.1 to 10 pg ml −1 , and the determination could be performed in 0.5 min in flow rate of 2 ml min −1 , including sampling and washing, giving a throughput of 120 h −1 with a relative standard deviation of less than 5.0%. The method had been successfully applied to the assay of sudan I in Pixian douban, Golden mark guilin chilli sauce and Golden mark satay sauce, and the recovery was 90.0-103.8%.
Introduction
Sudan I (see Scheme 1) is widely used to color other materials, such as hydrocarbon solvents, oils, fats, waxes, and shoe and floor polishes [1] . In vivo studies on the metabolism of sudan I in rabbits revealed that this compound is metabolized primarily in the liver by oxidative or reductive reactions [2, 3] . It is considered to be a genotoxic carinogen [4] and its presence is not permitted in foodstuffs for any purpose at any level. Sudan dyes may cause cancer to people and hence sudan dyes at any level is not safe for the human. However, sudan dyes have been found as a contaminant in chilli powder [5] . Soups, sauces and ready meals that use contaminated chilli powder are the main sources for sudan dyes. It has been banned as a food colourant throughout the Europe since 2003, due to its carcinogenic properties. However despite this, it has been used by some companies to manufacture chilli powder.
As reported in the literature, dealing with the analytical chemistry of sudan I, the usually proposed methods for the determination of the compound were based on liquid chromatography (LC) with mass spectrometry (MS) [5] [6] [7] , UV/Vis [7] [8] [9] [10] , photodiode-array detection [11] . Other methods for determination of sudan I included molecularly imprinted solid phase extraction with UV detection [12] , the mass spectrometric method [13] , solid-phase spectrophotometric method [14, 15] .
Since it was first reported by Albrecht in 1928 [16] , the chemiluminescence (CL) resulting from the reaction of luminol and oxidants has been extensively studied and applied to the determination of a range of inorganic and organic species. For example, Palilis and Powe [17, 18] of CL reactions. Compared with other methods for the assay of sudan I, CL method offers the advantages of simplicity of apparatus, low reagent consumption, higher sensitivity and higher sample throughput. We have currently reported on the luminol-H 2 O 2 system to determine of sudan I, giving a calibration graph linear over the concentration from 10 pg ml −1 to 7 ng ml −1 with the detection limit of 3 pg ml −1 [19] . In this work, the proposed procedure is the most sensitive method reported so far. It was observed that sudan I could sharply intensify the CL derived from the luminol-KIO 4 system, and the CL intensity responded to the concentration of sudan I linearly ranging from 1 × 10 −13 g ml −1 to 1 × 10 −11 g ml −1 with the detection limit of 0.03 pg ml −1 . The determination could be performed in 0.5 min in flow rate of 2 ml min −1 , including sampling and washing, giving a throughput of 120 h −1 with a relative standard deviation of less than 5.0%. The method has been successfully applied to the assay of sudan I, and the recovery was 90.0-103.8%.
Experimental section

Reagents
All chemicals used were of analytical reagent grade. Water purified in a Milli-Q system (Millipore, Bedford, MA, USA) was used throughout. Luminol (Fluka, biochemika) were obtained from Xi'an Medicine Purchasing and Supply Station, China. Potassium periodate was purchased from Xi'an Chemical Reagent Plant. Standard solution and samples of sudan I were supplied by Shaanxi Entry-Exit Inspection and Quarantine Bureau.
A standard solution of sudan I (1 µg ml −1 ) was stored at 4 • C. Working strength solutions were prepared daily from the above stock solution as required. Luminol (2.5 × 10 −2 mol l −1 ) was prepared by dissolving 4.4 g luminol in 1 l of 0.1 mol l −1 NaOH solution. A 0.04 mol l −1 stock standard solution of periodate was prepared by dissolving the solid in distilled water.
Apparatus
A schematic diagram of the CL flow injection analysis system was shown in Fig. 1 . A peristaltic pump was utilized to deliver all flow streams. PTFE tubing (1.0 mm i.d.) was used as connection material in the flow system. A six-way valve with a loop of 100 µl was employed for sampling. The flow cell was made by coiling 30 cm of colorless glass tube (i.d. 2 mm) into a spiral disk shape with a diameter of 2 cm and placed close to the photomultiplier tube (PMT) (Hamamatsu, Model IP28). The CL signal produced in the flow cell was detected without wavelength discrimination, and the PMT output was amplified and quantified by a luminosity meter (Xi'an Remax Electronic Science-Tech. Co. Ltd. Model GD-1) connected to a recorder (Shanghai Dahua Instrument and Meter Plant, Model XWT-206). 
Procedures
As shown in Fig. 1 , flow lines were inserted into the sample, KIO 4 , luminol, carrier (pure water), and sodium hydroxide solutions, respectively. The pump was started at a constant speed of 2.0 ml min −1 to wash the whole system until a stable baseline was recorded. Then 100 µl luminol solution was injected into the carrier stream by injection valve, merged with the mixed solution stream of sudan I and KIO 4 . The mixed solution in an alkaline medium was delivered into the CL cell, producing CL emission, detected by the PMT and luminometer. The concentration of the sample was quantified by the increment of CL intensity, ∆I = I s − I o , where I s and I o were CL signals in the presence and in the absence of sudan I, respectively.
Sample preparation
The proposed procedure for the determination of sudan I was applied to hot chilli sauce. Contaminated hot chilli sauces were grounded to a fine powder using a Multifunctional Food Cooking Units (Shangdong Jiu Yang Small Electrical Appliance Co. Ltd., Model JYL-350), about 3 g was weighted and dissolved ultrasonically for 30 min in 1:1 (v/v) acetonitrile and water in PTFE digestion can, incubating, centrifugating for 10 min, and then the upper clear solution was determined.
Results and discussions
CL intensity-time profile
The CL intensity-time profile of luminol-KIO 4 was examined by the flow injection method. It could be seen in Fig. 2 that the CL signal of luminol-KIO 4 reached a maximum in 11 s after injection, and then died within 30 s. On joining of the sample into the above mixing solution, an enhanced CL signal was recorded. The peak heights of the CL emission were proportional to the sudan I concentration.
Effect of luminol, periodate and sodium hydroxide concentration
The maximum CL signal was found with luminol at 7 × 10 −6 mol l −1 , with periodate at 5 × 10 −5 mol l −1 , and 0.025 mol l −1 for sodium hydroxide, which were selected as optional condition. 
Effect of flow rate and the length of mixing tubing
The flow rate of 2.0 ml min −1 was selected as an appropriate condition considering both good analytical precision and lower solution consumption, and it was found that an 11.0 cm mixing tube afforded the best results with good sensitivity and reproducibility.
Performance of proposed method for sudan I measurement
A series of sudan I standard solutions were injected into the manifold depicted in Fig. 1 under the above optimum conditions to test the linearity of sudan I. The enhancement of CL intensity was found to be proportional with the sudan I concentration. The linear range was from 0.1 to 10 pg ml −1 and the regression equation was ∆I CL = 7.0243 C sudan I + 109.9 (R 2 = 0.9987, n = 5). The relative standard deviations of five determinations were 4.48, 3.52, 2.12% with sudan I concentrations of 0.1, 1.0, 10 pg ml −1 . At a flow rate of 2.0 ml min −1 , the determination of analyte could be performed in 0.5 min, including sampling and washing, giving a throughput of about 120 times per hour with a relative standard deviation of less than 5.0%.
Interference studies
The effect of interferents was tested by analyzing a standard solution of sudan I (10 pg ml −1 ) to which increasing amounts of interferents were added. The tolerable limit of interferents was taken if it caused a relative error of less than 5%. The tolerable concentrations were over 50 µg ml −1 for K + , Cl − , I − , NO 
Applications
Determination of sudan I in three contaminated hot chilli products
The sample of hot chilli sauces, which supplied by Shaanxi Entry-Exit Inspection and Quarantine Bureau, have been confirmed containing sudan dyes. The proposed method was applied to the determination of sudan I in hot chilli sauce. Two samples were prepared in terms of "Sample preparation"; one of the samples was added to 5 ml standard solution (1 µg ml −1 ), respectively. The samples were determined directly and the results were listed in Table 1 .
Possible mechanism of the CL reaction
A possible CL mechanism of luminol-periodate-sudan I was discussed. To support the possible reaction mechanism of sudan I, the absorbance of different solutions was measured by UV/Vis at 220.4 nm, and the results are listed in Table 2 . At 220.4 nm, it could be found that both luminol and periodate reacted with sudan I, and the absorbtion intensity of sudan I increased in the presence of periodate and decreased in the presence of luminol. It was also found that the product of reaction between sudan I and periodate could oxidize luminol chemiluminescently.
Conclusions
A sensitive and simple CL method has been proposed for the determination of sudan I in contaminated hot chilli sauces. Combined with the flow injection system, the enhancive luminol-periodate CL was utilized for determination of sudan I. The present method takes prominent advantages including instrumental simplicity, reduced reagents consumption, improved sensitivity, analytical efficiency, and easy handling procedure as well. The present method offers the promise for routine quality control of pharmaceuticals and determination of sudan I in food analysis. and 50 nmol ml −1 , respectively.
